To comprehensively evaluate the impact of recently identified colorectal cancer (CRC) variants at 1q41, 3q26. 2, 8q23.3, 8q24.21, 10p14, 11q23.1, 12q13.13, 14q22.2, 15q13.3, 16q22.1, 18q21.1, 19q13.11, 20p12.3, and 20q13.33 on risk and CRC phenotype, the authors analyzed 8,878 cases and 6,051 controls from the United Kingdom ascertained in 1999-2007. The impact of variants on the familial CRC risk was enumerated from age-, sex-, and calendar-specific CRC rates in the 50,924 first-degree relatives of cases. Each of the 14 susceptibility loci independently influences CRC with the risk increasing with increasing number of risk alleles carried (per allele odds ratio ¼ 1.13; P ¼ 2.99 3 10 À58 ) and, for those within the upper quintile, there is a 2.3-fold increased risk. In first-degree relatives of cases with 17, 18-21, and !22 risk alleles, standardized incidence ratios were 1.76, 2.08, and 2.25, respectively. Although the discriminatory attributes of the 14 CRC susceptibility loci for individual risk prediction are poor (area under the curve ¼ 0.58), they may allow subgroups of the population at different CRC risks to be distinguished.
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Many colorectal cancers (CRCs) develop in genetically susceptible individuals, most of whom are not carriers of germline mismatch repair or adenomatous polyposis coli gene (APC) mutations, and much of the heritable risk of CRC is thought to be the consequence of the coinheritance of multiple low-risk variants (1-3). Genome-wide association studies have identified single nucleotide polymorphisms (SNPs) localizing to 14 chromosome regions-1q41 (4), 3q26.2 (4), 8q23.3 (5), 8q24.21 (6, 7) , 10p14 (5), 11q23.1 (8), 12q13.13 (4), 14q22.2 (9), 15q13.3 (10), 16q22.1 (9), 18q21.1 (11), 19q13.11 (9) , 20p12.3 (9) , and 20q13.33 (4)-that influence CRC risk. Although the risk of CRC associated with variation at each locus is modest (4) (5) (6) (7) (8) (9) (10) (11) (12) , risk genotypes are common in the population and, hence, their contribution to the overall incidence of CRC is significant.
An important long-term outcome of genome-wide association studies of CRC is that the knowledge gained about the underlying molecular basis of CRC may lead to the development of innovative therapeutic and preventative measures. In this respect, the 14 risk loci identified so far have already provided important novel insights into CRC biology, with several suggesting the involvement of components of the transforming growth factor-b (TGF-b) superfamily-signaling pathway as an etiologic basis for CRC development (13) .
A more immediate value of the associations identified from genome-wide association studies may be in assigning CRC risk. Individual SNPs at each of the 14 chromosomal regions confer only small CRC risks; hence, individually, each has limited use in the assessment of disease risk in an individual patient. However, by acting in concert, variants have the potential to confer a more profound impact on CRC risk. Characterization of putative genotype-phenotype correlations also has possible benefit in improving the efficacy of CRC management and prevention strategies for CRC.
To date, studies of the 14 CRC risk variants have been conducted largely through the analysis of small studies (14) (15) (16) (17) (18) . To robustly evaluate the relation between variation at these 14 genetic loci and CRC, we have conducted a large study within the United Kingdom of 14,929 subjects, examining for cumulative effects and genotype-phenotype relations.
MATERIALS AND METHODS

Study subjects
Cases, aged <80 years at diagnosis, were ascertained through the National Study of Colorectal Cancer Genetics (NSCCG), an ongoing population-based study in the United Kingdom (19) of histologically proven CRC patients within 5 years of diagnosis with no exclusion for known genetic susceptibility. Family history of CRC in relatives is collected by using a previously validated questionnaire, but no confirmation of diagnoses is undertaken. The current study is based on 8,878 cases ascertained between March 2003 and April 2007. Controls were the spouses of cancer cases (n ¼ 6,051) and were ascertained between June 1999 and April 2007 through the NSCCG (n ¼ 1,933), the Genetic Lung Cancer Predisposition Study (n ¼ 1,628) (20) , the Colorectal Adenoma Gene-Environment Interactions Study (n ¼ 707) (21) , and the Royal Marsden Hospital National Health Services Trust family history DNA database (n ¼ 1,783). None of the controls had a personal history of malignancy at ascertainment. Demographic data were collected through a self-administered questionnaire that was based on the NSCCG format but did not seek information on a family history of cancer. All cases and controls were British residents with self-reported European ethnicity. There were no obvious differences in the geographic region of residency between cases and controls. A subset of the cases (n ¼ 2,802) and controls (n ¼ 2,708) had previously been used in the replication of genome-wide association signals for CRC risk (6) . Informed, written consent was obtained from all subjects, and the study was carried out with ethical review board approval (Multi Research Ethics Committee (MREC) reference numbers 02/0/097, 98/2/67, and 98/4/055; Royal Marsden Hospital National Health Services Trust (RMHNHST)-Centre for Clinical Research reference number 1552).
Selection of SNPs for genotyping
DNA was extracted from ethylenediaminetetraacetic acidvenous blood samples by conventional methodologies and PicoGreen quantified (Invitrogen Corporation, Carlsbad, California; now Life Technologies). We selected 14 SNPs that have been reported to be associated with CRC from 14 chromosomal regions-rs6691170 (1q41) (4), rs10936599 (3q26.2) (4), rs16892766 (8q23.3) (5), rs6983267 (8q24.21) (6, 7), rs10795668 (10p14) (5), rs3802842 (11q23.1) (8), rs11169552 (12q13.13) (4), rs4444235 (14q22.2) (9), rs4779584 (15q13.3) (10), rs9929218 (16q22.1) (9), rs4939827 (18q21.1) (11), rs10411210 (19q13.11) (9), rs961253 (20p12.3) (9), and rs4925386 (20q13.33) (4). SNP genotyping was performed by allele-specific polymerase chain reaction (KBioscience, Hertsfordshire, United Kingdom (http://www.kbioscience.co.uk; now LGC Limited), with primer sequences and conditions available on request. To monitor quality control, we included a set of 136 duplicate samples in assays; genotype concordance was >99.9%. To confirm genotypes, we sequenced 192 samples chosen randomly from cases and controls; concordance between genotypes was 100%. Microsatellite instability in CRCs from 2,813 of the cases was determined, as previously described by using BAT25 and BAT26 (19) , which are highly sensitive microsatellite instability markers (22) . Samples that showed novel alleles at either or both markers were assigned microsatellite instability status (which corresponded to high microsatellite instability).
Statistical analysis P 0.05 (2 sided) was considered statistically significant. A Bonferroni correction was imposed to adjust for multiple testing in associations between SNP and CRC risk and between SNP genotype and CRC phenotype. Statistical analyses were principally performed by use of STATA, version 10.0, software (StataCorp LP, College Station, Texas). To test for population stratification, for each variant, we used the chi-square test to assess genotype frequencies for evidence of departure from Hardy-Weinberg equilibrium among control subjects. The CRC risk associated with SNPs was calculated by odds ratios using unconditional logistic regression. Recessive, dominant, or multiplicative (i.e., where the risk is the product of the risk associated with carrying 2 risk alleles) models were fitted on the log scale using logistic regression. The best fitting model of inheritance for each variant was individually determined by comparing the À2 times the log-likelihood of each model with a base model via a chi-square test with 1 df. Interaction between SNP genotypes was evaluated by likelihood ratio tests. We used logistic regression on the general model (i.e., individual SNP genotypes as indicator variables) to construct receiver-operating characteristic curves.
The population attributable fraction ascribable to SNP genotypes was estimated by the formulae:
OR 2 , p is the population allele frequency, and OR 1 and OR 2 are the odds ratios associated with hetero-and homozygosity, respectively (23) .
Associations between SNPs and tumor site (colon and rectal cancer, International Classification of Diseases, Ninth Revision (ICD-9), codes 153 and 154, respectively), stage (Dukes' A þ B, C þ D), grade (poorly, moderately/well differentiated), sex, age at diagnosis ( 49, !50 years), family history of CRC in first-degree relatives, and microsatellite instability status were tested among case subjects by using logistic regression only, with and without correcting for known confounders, such as age and sex.
To enumerate the collective impact of SNPs on the familial CRC risk, we first estimated the cumulative probability of CRC in first-degree relatives of cases by the Kaplan-Meier product-limit method (24) . The variance of the product-limit estimator was estimated according to the formulae of Greenwood (25) and was used to calculate 95% confidence intervals. First-degree relatives were censored at the date of pedigree ascertainment, emigration, or last contact with the case. CRC incidence in first-degree relatives was truncated at age 80 years to avoid miscertification of registered cancer diagnosis and death. Comparison of CRC risk in first-degree relatives with the risk in the general population for England and Wales was based on 1998 rates (Office for National Statistics; http://www. statistics.gov.uk) using the formula 1 À e Àcumulative incidence . Expected numbers of CRCs in first-degree relatives were calculated by adjustment for age, sex, and calendar-period incidence rates for England and Wales ) using the Person-Years program (26) . Observed numbers were compared with expected numbers by means of the standardized incidence ratio assuming a Poisson distribution. Poisson regression was used to calculate the proportion of the phenotypic variance in familial risk associated with SNPs using age-, sex-, and calendar-adjusted expected numbers rates and observed numbers for families.
RESULTS
Complete clinical and demographic characteristics of the subjects studied are provided in Table 1 . The median age at diagnosis of CRC in the 8,878 cases was 60.0 years (mean, 58.9 years; standard deviation, 8.2). The median age of controls was 60.0 years (mean, 59.4 years; standard deviation, 10.5). A total of 5,343 cases (60%) had colonic and 3,535 (40%) had rectal tumors; 330 of the 2,813 cases (12%) evaluated for microsatellite instability status were microsatellite instability positive. Genotypes were generated for >95% of cases and controls for each of the 14 SNPs, with no differential genotype calling between cases and controls. Genotype frequencies of all 14 SNPs in controls were in accordance with Hardy-Weinberg equilibrium after adjustment for multiple testing. Table 2 lists the allele frequencies of the 14 SNPs among cases and controls and shows per allele odds ratios for CRC. Significantly different frequencies (P < 0.05) between cases and controls were observed for all 14 SNPs. Although a third of the total series had previously been used as replication for genome-wide association signals, there was no statistical evidence for the ''winner's curse'' (i.e., upward bias of the effect size in the discovery compared with subsequently genotyped samples) and, in view of this, analyses were conducted by using pooled data (Web Table 1 , the first of 4 Web tables and 1 Web figure posted on the Journal's Web site (http://aje. oupjournals.org/)). Each SNP showed effect sizes similar to those previously reported (Table 2 ) (5, 6, 9, 11). The strongest association was attained for SNPs mapping to 8q24.21, 15q13.3, and 18q21.1 (P < 10 À9 ). Of the 14 SNPs, 13 remained significant at P < 0.05 after adjustment for multiple testing. A dominant model provided the most parsimonious basis for each of the SNP associations at rs6691170 and rs4444235, nominally better fitting than a multiplicative model (i.e., P < 0.05) (Web Table 2 ). For the remaining 12 SNPs, no other model of inheritance was statistically better fitting than the multiplicative model (Web Table 2 ). When multiplicative interaction was tested for each possible pair of 14 SNPs, with the use of an interaction term in logistic regression, there was no evidence for epistasis after adjustment for multiple comparisons (Web Table 3 ). On the basis of odds ratios associated with each SNP, the estimated joint population attributable fraction for CRC of the 14 SNPs was 84% in the studied population.
Case-only analysis provided evidence for an association between genotype and phenotype for 11 SNPs, as reflected by P < 0.05 without adjustment for multiple testing (Web Table 4 ). As previously documented, rs3802842 (11q23.1) (8) showed a stronger association with rectal disease (P ¼ 0.005; P adjusted ¼ 0.06) ( Table 3 ). There was evidence for sex differences in the associations for 4 of the SNPs (Table 3) : rs3802842 (11q23.1) and rs961253 (20p12.3) were more strongly associated in male CRC (P ¼ 0.02 and 0.002), and rs9929218 (16q22.1) and rs4925386 (20q13.33) were associated in female CRC (P ¼ 0.003 and 0.001), with associations remaining significant after adjustment for rs961253, rs9929218, and rs4925386 (P adjusted ¼ 0.03, 0.04, and 0.02, respectively) (Web Table 4 ). Although statistically nonsignificant after adjustment for multiple testing, an overrepresentation of risk alleles with familial CRC was shown for rs6983267 (8q24.21) and rs10411210 (19q13.11) (P ¼ 0.03 and 0.02, respectively) (Web Table 4 ), with the 8q24.21 association being consistent with a previously published observation (6, 14) . rs11169552 (12q13.13) showed evidence of an association with early onset CRC (P ¼ 0.02). Both rs4444235 (14q22.2) and rs4939827 (18q21.1) showed evidence of an association with microsatellite stable CRC (Table 3) ; however, neither association remained significant after adjustment (Web Table 4 ). In contrast to a previous report (14) , this report found no evidence for enrichment for the risk allele of rs168923766 (8q23.3) in late-stage disease.
To examine the cumulative effect of SNP genotypes on CRC risk, we summed the number of risk alleles carried by individual subjects. The distribution of risk alleles carried in both cases and controls followed a normal distribution, but with a shift toward a higher number of risk alleles in the cases (Figure 1) . Figure 2A depicts the odds ratios relative to the median number of 14 risk alleles and shows an increase in odds ratios for CRC with the increasing number of risk alleles (odds ratio per allele ¼ 1.13, 95% confidence interval (CI): 1.12, 1.14; P ¼ 2.99 3 10 À58 ). Assuming that proportionality of effects is known to produce unreliable estimates, the odds ratios were therefore recomputed using quintiles based on the number of risk alleles among the controls where the reference group consisted of the quintile containing the control median. As shown in Figure 2B , a more stable risk estimate that is more relevant to the distribution of risk alleles in the population was generated. Using cumulative SNP data permits the risk of CRC in the population to be partitioned; for the 3% of the To estimate the ability of the cumulative effect of the 14 SNPs to distinguish cases from controls, we conducted specificity and sensitivity analyses, constructing receiveroperating characteristic curves and calculating statistics for the area under the curve. Incorporation of age and sex did not appreciably improve the discriminatory power of a genetic test based on the 14 SNPs with the area under the curve ¼ 0.58 (95% CI: 0.57, 0.59) (Web Figure 1) relatively unaltered.
To enumerate the impact of variants on familial CRC risk, we calculated standardized incidence ratios in first-degree relatives stratified by the number of risk alleles carried by index cases. The 8,878 CRC cases provided data on a total of 50,924 first-degree relatives. Standardized incidence ratios were 1.76, 2.08, and 2.25 for first-degree relatives of index cases with 17, 18-21, and !22 risk alleles, respectively (Table 4) . Increased familial CRC risk by age 70 was associated with an increased number of risk alleles, with first-degree relatives of index cases with 12, 13-15, and !16 risk alleles having cumulative increased risks corresponding to 4% (95% CI: 3, 5), 5% (95% CI: 4, 5), and 5% (95% CI: 5, 6), respectively ( Figure 3) . Collectively the 14 SNPs account for 2.9% of the variance in the familial CRC risk (95% CI: 0.0, 5.4; P ¼ 0.02). There was evidence that the collective contribution of the 14 variants to familial CRC risk is stronger for early onset CRC disease: 6.0% (95% CI: 0.0, 15.3) of the familial risk when cases were diagnosed at 45 years compared with 5.3% (95% CI: 0.0, 10.5) if 46-54 years and 1.3% (95% CI: 0.0, 4.3) if !55 years, consistent with genetic enrichment with early onset disease.
DISCUSSION
This analysis provides further support for a role of genetic variation at these 14 chromosome regions as risk factors for CRC. Although we found no strong evidence for deviation from additivity, some SNPs clearly have stronger effects than others on CRC risk. Although each of the SNPs was only moderately associated with CRC, they have a strong cumulative association with CRC risk.
To date, a functional basis for only the 8q23.3, 8q24.21, and 18q21.1 risk loci has been elucidated (27) (28) (29) . rs6983267 mapping to 8q24.21 has been shown to directly interact with the MYC promoter (29); similarly, the 8q23.3 and 18q21.1 loci associations appear to be mediated through variants having cis-regulatory effects on the eukaryotic translation initiation factor 3, subunit H, gene (EIF3H) (27) and mothers against decapentaplegic homolog 7 gene (SMAD7) (28) expression, respectively. Although many of the 14 risk variants identified appear to have generic effects on CRC risk, it is entirely probable that variants may define different etiologic pathways of CRC development. Although our study was large, it may have been insufficiently powered to demonstrate some subtle genotype-phenotype relations. It is, however, noteworthy that both rs4444235 and rs4939827, which map to the bone morphogenetic protein 4 gene (BMP4) and SMAD7, appear to be preferentially associated with the development of microsatellite stable CRC. This is consistent with the observation that germline mutation in the TGF-b superfamily-signaling pathway genes is associated with microsatellite stable CRC (30) (31) (32) . It is intriguing that the 11q23.1 risk variant is more common in rectal rather than colonic disease, as there are differences in the biology of these tumors in terms of both mutational spectra and environmental risk factors (33, 34) . There is little evidence to date that any of the 14 variants influence disease progression per se. Specifically, although an association between the risk allele at 8q23.3 and tumor stage has been reported (14), we found no evidence to support this observation. Finally, the sex-specific associations observed between some SNPs and CRC risk raise the possibility that such variation may underscore some of the differences in CRC incidence between genders. It is notable in this respect that rs961253, rs992918, and rs4925386 map to genes encoding components of the extended TGF-b signaling pathway, raising the possibility of sex-mediated differential effects.
The major strengths of this study are its size and its population-based design. The familial CRC risk estimated from NSCCG data is identical to that obtained from metaanalyses of epidemiologic case-control and cohort studies (35, 36) , and this makes preferential selection of familial CRC unlikely. Similarly, survivorship is unlikely to have influenced study findings, even though case selection in NSCCG is biased to Dukes' stages A and B disease. Furthermore, this analysis is unlikely to be confounded by significant population stratification, as the analysis has been limited to individuals with self-reported European ethnicity.
One limitation of our study is that it was not a prospective study, and therefore the predictive power of the 14 risk variants we enumerated is an estimate. Although the results apply only to a single population, it is likely that our prediction estimates are reasonably accurate and that the effect sizes observed are representative of those that would be obtained in other European populations. They may not, however, apply to populations with substantially different ethnic origin or those having different environmental exposures. Although associations at 8q24.21, 10p14, 11q23.1, 12q13.13, 15q13.3, and 18q21.1 have been validated in Chinese populations (37, 38) , little support for the same SNPs influencing CRC in African Americans has yet been provided (39) . It is likely that the impact of risk variants will be contingent upon interaction with nongenetic risk factors. Thus, epidemiologic risk factor data should ideally be taken into consideration to allow the examination of interactions between known etiologic factors (e.g., dietary risk factors) and genetic risk variants. Unfortunately, the data available within the current study did not allow such an analysis.
Recent success in identifying SNPs associated with cancer risk through genome-wide association studies has led to the suggestions that such SNPs may be useful in predicting an individual's cancer risk. In this study, we evaluated the ability of the 14 confirmed risk variants as risk predictors for CRC. The 14 currently identified risk variants have inadequate discriminatory ability for use in clinical practice for individualizing risk, and this is reflected in the contribution they make to the familial risk of CRC. As the area under the curve for the 14 risk variants so far identified is 0.58, genetic tests offered by many commercial companies to individuals have very limited predictive value. The absence of family history data in controls precluded comparison of the discriminatory power of the 14 SNPs in conjunction with family history data. Even so, on the basis of our findings, the currently identified 14 variants have potential to allow subgroups of the population at distinctly different CRC risks to be distinguished, which may have direct utility in the public health arena by facilitating stratifying population programs aimed at reducing CRC incidence. Even though most of the SNPs are themselves not directly functional and that it is likely that improved definition of risk will be forthcoming with the enumeration of the causal variants at each of the loci within the European population, testing for the current set of 14 SNPs has potential heath-care benefits. For example, in many Western countries, fecal occult blood testing or endoscopic surveillance is offered or advocated for individuals aged 50-55 years in the population. On the basis of absolute risk, our findings indicate that the population carrying the number of risk alleles within the upper quintile could profitably be offered such surveillance~5 years earlier (Figure 4) . In a similar fashion, polygenic susceptibility defined by SNP genotype has recently been proposed to have implications for population breast and prostate screening (40) . However, as previously commented, it will be important to test whether new markers provide improvements in the discriminatory or predictive accuracy beyond existing predictive models for cancer risk (41) , which, in the case of CRC, can be relatively inexpensive to formulate.
In conclusion, although the combined information from the currently known susceptibility variants has poor predictive value for individual CRC risk discrimination, these variants may allow the identification of subgroups of the population at a substantially increased risk of CRC. Although the calculated multilocus population attributable risk derived here from the 14 SNPs is high, a large population attributable risk does not preclude the possibility that other unidentified risk loci and environmental factors substantially contribute to disease risk (42) . Large-scale, ongoing meta-analyses of CRC genome-wide association studies are likely to lead to the identification of additional risk variants. As more risk variants are identified and the functional variants at each locus are unmasked, tests with better predictive performance are likely to become available (43) , potentially providing a valuable addition to prevention strategies for CRC and other malignancies (42) . 
